This study proposes a method to estimate thermal conductivity and thermal diffusivity using a thermoelectric device and a thermographic camera. The experimental results were compared with others literatures. Three different materials including acrylic, apple, and potato were tested. The proposed method has proved to be effective. The experimental results for all selected materials are in comparable range with literature values. The proposed method can be a useful tool for determining thermal properties of solid biological materials with low thermal conductivity and diffusivity values.
Introduction
A large number of food processing techniques involve the transfer of heat, for instance, heating, cooling, freezing, and frying [1] . Knowing the rate and amount of heat transfer is fundamentally important for the design and control of food processes. The estimation of the rate and the amount of heat requires some basic thermo-physical properties of food materials including thermal conductivity ( k ), thermal diffusivity (  ), specific heat ( p c ), and mass density (  ). These material properties are intercorrelated in the following form [2] :
Thermal diffusivity and conductivity are nonindependent thermo-physical parameters which are difficult to measure. The diffusivity is defined as the rate of heat diffuses by conduction through a material and can be estimated from Eq. 1 [2, 3] . Thermal conductivity is defined as the ability of a material to conduct heat. It depends on various factors such as density, temperature, composition, and porosity of the material. There are several measurement techniques that can be used to determine thermal conductivity. These techniques could be classified into two categories [4] : (a) steady-state methods, such as guarded hot plate method [5] , concentric cylinder, and concentric sphere method, and (b) transientstate methods, such as Fitch method [6] , laser flash method [7] , line or plane heat source method [8] [9] [10] [11] [12] , and thermistor probe method [13] [14] [15] . González et al. [16] have used the thermoelectric modules as the plane heat source to heat sample material for measuring thermal conductivity in both steady-and transient states.
In steady-state method, thermal conductivity is measured after a sample has reached the steady-state condition which may take considerably long time. For high moisture materials, the accuracy of measurement might be affected due to moisture migration from the tested specimen during the lengthy measurement period. As a result, the transient-state method seems to be more appropriate for food and biological materials which generally contain a large amount of water [4] .
Many researches practically rely on a contact thermocouple to measure temperature changes of a sample during heating which could be relatively difficult to achieve the accurate values particularly when measuring surface temperature. Therefore, the thermal imaging camera or thermographic camera, a device for non-invasive and non-contact temperature measurement [17] , has been proposed for measuring thermal properties of different types of materials [3, 18] .
This study proposes the application of transient state method that uses a thermoelectric module, also known as a thermoelectric cooler (TEC), as a heat source and a thermographic camera as a surface temperature measurement device for determining the thermal conductivity and thermal diffusivity of food materials.
Mathematical Modeling

Conductive thermal transfer
Heat conduction is the transfer of heat through the structure of a material from high to low temperatures. The steady-state unidirectional heat conduction rate through a material per unit area or heat flux (
proportional to temperature gradient ( / ( / ), dT dz Km ) and the thermal conductivity ( k, W/m·K ) of a material, known as Fourier's law of conduction (Eq. 2) [2] .
In the present work, samples were heated on the thermoelectric module where heat is conducted through the material in one direction. This can be schematically represented in Fig. 1 . The following assumptions were made when developing the transient-state model: (a) the heat flux generated from the thermoelectric module is constant and uniform; (b) the temperature of the thermoelectric plate and the bottom surface of the sample are equal; (c) only heatflow in z-direction is considered; (d) thermo-physical properties of the tested materials used in the model are constant; and (e) heat loss from the surface of thermoelectric plate and specimen to the surrounding air via convection is neglected because the surface temperature is considerably low. According to the law of energy conservation, the governing equation for unidirectional heat conduction can be written as follows:
where h Q is heat flux on the hot surface of the thermoelectric,  is a mass density of material ( The model equations were solved in MATLAB using the Finite difference method.
Thermoelectric cooler
Thermoelectric cooler (TEC) is fabricated from two unique semiconductors, one N-type and one P-type (Fig.  2) . There are four physical phenomena of semiconductor involve with this device [16] : Seebeck effect, Thomson effect, Joule effect and Peltier effect. Thermoelectric cooling uses the Peltier effect to create heat flux between the junction of two different types of materials. A Peltier cooler, heater, or thermoelectric heat pump is a solid-state active heat pump which transfers heat from one side of the device to the other when electrical energy is supplied. The direction of heat flow is dependent on the direction of electric current. 
where q c is heat flow on the cold surface of P-and Nnode,  is Seebeck coefficient, R is electrical resistance, K is thermal conductance,  is Thomson coefficient, T h is a hot surface temperature, T c is a cold surface temperature, and T is a temperature difference between hot and cold surfaces. The values of K , R , and  can be estimated from properties of semiconductor in the thermoelectric cell. We can calculate the heat flow at cold surface by Eq. 5 [19] . 
where Q h is heat flow on the hot surface (W), Q c is heat flow on the cold surface (W), P in is electric power supplying to the thermoelectric device (W), I is electric current (A) and V is voltage supply (V).
Measurements and Results
Experimental setup
The thermoelectric (Model TEC 12706) was used as a heat source since this device could provide a uniform heat flux. Heating rate was controlled using a DC power supply (24 V 2.1 A) with a current regulator circuit. The current regulator circuit consists of an IC Regulator (LM 338), a ceramic resistor (1Ω 5 W) and a capacitor (2200 µF) as shown in Fig. 3 .
Fluke digital multi-meters were used to measure the voltage and current supplying to the thermoelectric device. An aluminium heat sink was attached to the cool surface of the thermoelectric device to help cooling the surface. Fluke thermal image camera (Model TI 32, 8 to 24 µm, detector size of 320 x 240 pixels, measuring temperature range of 02 ˚C to 600˚C, thermal sensitivity of 0.05 K) was used to measure the surface temperature.
Measurement of thermal conductivity and thermal diffusivity
Experiments involved measuring the thermal conductivity of all selected materials samples with area of 4 cm 2 at room temperature (25+2 o C). The first part of measurements was carried out on acrylic plate having a thickness of 3 mm to examine the experimented results with that from literatures. The second part of the experiments was carried out on typical biological materials, potato and apple, purchased from the local supermarket. The average moisture content was 87% (wb) for fresh apple and 75% (wb) for potato. Samples were cross-sectionally cut with 3 mm and 6 mm thickness for doing the experiments. The measurements were repeated three times for each sample.
Samples were sufficiently flatted to ensure thermal contact between the thermoelectric device and the samples. Each sample was placed on the thermoelectric plate and heated until reaching the steady-state condition. Temperature rise, as a result of the applied heat flux, was monitored using the thermographic camera. A sample of thermal images captured during the experiment is given in Fig. 4 which shows both of the heating surface and the tested sample. After obtaining the amount of heat applied to the sample and the transient-state temperature profile across the tested sample, the thermal conductivity of sample was estimated using the unidirectional heat transfer model in Eq. 3. The thermal diffusivity was then calculated with Eq. 1. The paramters used in the calculation and the estimated values of thermal conductivity and diffusivity along with literature values are given in Table 1 . It could be seen that the estimated values of thermal conductivity and diffusivity obtained in this experiment are comparable to literature values. The results have proved the applicability of the proposed technique with the transient-states model. Due to moisture loss which could be a significant issue, the brief measuring period of the transient-state method makes it suitable for measuring thermal properties of materials with high moisture content such as food and biological materials [4] . According to Eq. 2, if heat flux is fixed, then the measurable range of thermal conductivity is dependent on the sensitivity of temperature measuring device. In this technique, the heat generated from thermoelectric device is quite low. Accordingly the technique is only suitable for measuring thermal conductivity of materials with low conductivity. However, the advantage of the proposed technique is that they are inexpensive and simple.
Conclusion
The thermal conductivity and thermal diffusivity of the selected food materials (apple and potato) estimated from the proposed transient-state model are in comparable ranges literature values. The experimental set-up consists of a thermoelectric device and a thermographic camera as a surface temperature measuring device. This technique is inexpensive and simple. It is suitable for materials having low conductivity. However, further research is still needed to investigate the effect of the heat applied to the sample and to compare the results between steady-and transient-state methods.
